Abstract
Introduction
Bilateral cochlear implantation is becoming an increasingly popular method of restoring binaural listening abilities in adults. The benefit of binaural hearing is significant, including understanding speech in background noise or reverberant environments, and spatial hearing.
(range 0.70-3.74). Table 1 shows individual demographic data for each child. All but 2 children were congenitally deaf. One child was postlingually hearing impaired as a result of meningitis (S6), and 1 child was deafened due to maternal rubella (S4). The etiologies of deafness in the remaining children are unknown. The children participating in this study were 9 of the first 15 children with bilateral implants to begin rehabilitation at the Cochlea-Implantat-Centrum Süd (Würzburg, Germany) from 1999 to 2000. For inclusion in this study, a parent or guardian gave informed consent for the participation of each child, the inclusion of their data in this study and their commitment to continued participation for up to 5 years after implantation.
Test Intervals
The children were assessed at 3 test intervals after the second cochlear implantation. The timing of these intervals varied, as did the participation of each child in the tests, as they were dependent on the child's ability to perform the task, the complexity of the task and the child's attention span. Test interval I occurred on average 0.89 years after bilateral implantation (range 0.3-2.0), test interval II 1.6 years after bilateral implantation (range 0.86-2.81) and test interval III 5.3 years (range 4.6-6.5) after bilateral implantation ( table 1 ) .
Tests
Children were familiarized with the test conditions using 5 play sessions. The play sessions involved 3 therapists. The child sat blindfolded with the therapists positioned in a semicircle at 0°, 90° and -90° azimuth 1 m away. The child was presented with a sound from a toy clicker. The sound was presented 4 times at each position and in a random order, and the child was instructed to identify which therapist made the sound. Actual testing lasted 15 min and was performed in an anechoic chamber measuring 6.9 × 6.9 × 2.9 m.
At the first 2 test intervals, the children were assessed using a 3-loudspeaker setup. The loudspeakers were placed in front of the child (0° azimuth), at -90° (i.e. to the left of the child) and at 90° (i.e. to the right of the child), at a distance of 1.8 m from the child. The speakers were placed in the horizontal plane, at ear level. The stimulus was speech-shaped noise (CCITT noise (Comité Consultatif International Télégraphique et Téléphonique), as standardized in CCITT recommendation 227 [36] ), 500 ms in duration, with a rise/fall time less than 1 ms, presented at a level of 80 dB SPL. The children were assessed in the bilateral condition, as well as in the unilateral condition using the first CI. At test interval III, the children were assessed using 2 different loudspeaker configurations. The first was as for test intervals I and II, and only the bilateral listening condition was assessed in this setup. In the second loudspeaker condition, localization abilities were also assessed using a 9-loudspeaker setup in the frontal horizontal plane between -90° and 90° azimuth, with speakers spaced 22.5° apart. To be comparable with data collected from adult bilateral users of the same systems [9] , the Würzburg loudspeaker array was extended from 7 to 9 loudspeakers. The stimulus was the same as used in the 3-loudspeaker setup, and testing was again conducted under the bilateral listening condition only. All values represent years. The age at implantation shown in bold indicates which ear was implanted first.
In all setups, 5 stimuli per loudspeaker were presented (15 stimuli in the 3-loudspeaker setup and 45 stimuli in the 9-loudspeaker setup), and the children were required to point to the speaker they thought the sound had come from. No feedback as to correct or incorrect responses was given.
Analyses
Two different performance measures were calculated from the raw lateralization data according to the method described by Nopp et al. [9] , namely the mean absolute lateralization error (d) and the lateralization bias (b). In addition, the percentage of correctly identified directions (sc) was calculated. For a more detailed analysis of the unilateral listening conditions, the lateralization bias towards the side measured unilaterally (b u ) was calculated by sign inversion of b if the left CI was implanted first.
SigmaStat software was used for the statistical analyses. Lateralization measures sc, d and b for the 3 time intervals were analyzed using one-way repeated-measures analysis of variance. Post hoc analysis was performed applying the Holm-Sidak method.
Unilateral performance between intervals was evaluated using a paired t test after the normality of the distribution was confirmed using Kolmogorov-Smirnov testing.
A p value of <0.05 was considered statistically significant. Chance error was calculated via Monte Carlo simulation. Localization responses were randomized and the localization measures calculated using those data.
Spearman rank order correlations were calculated between (1) age at first implantation, (2) age at second implantation and (3) 
Results

Lateralization Responses
Lateralization responses averaged across subjects within measurement intervals and listening conditions are displayed in figure 1 . Performance with both CIs measured in the 3-loudspeaker setup shows a response pattern that evolved over time from poor lateralization at interval I to nearly perfect lateralization at interval III. In addition, the results indicate that, on average, from interval I to interval II, responses with a single CI change from being uniformly scattered across all directions, indicating poor lateralization abilities, to showing a bias towards the side contralateral to where the CI is switched on. Although figure  1 shows group data, it is important to note that, in accordance with the average data, subjects S3 and S6, who performed their first unilateral measurement at interval II, showed a consistent contralateral shift of all responses in the unilateral listening condition. At intervals I and II, both d and sc demonstrate better performance in the bilateral compared to the unilateral condition. d decreased from an average of 75.6° (first CI only; table 3 ) to 45° (both CIs; table 2 ) at interval I, although not significantly (p = 0.14), and highly significantly from 70.5° (first CI only) to 23.3° (both CIs) at interval II (p < 0.001). With bilateral CIs, sc increased but not significantly from 37.6 to 58.3% at interval I (p = 0.160), and highly significantly from 43.3 to 76.7% at interval II (p < 0.001).
Lateralization Measures
For the 9-loudspeaker setup, individual localization responses for all 9 children obtained at interval III are displayed in figure 2 . Individual localization errors and biases are given in table 4 . The average d amounts to 15.2° (SD 4.26°), and b is on average -1.0° (SD 3.0°). indicate the number of children tested in the respective conditions. Subject S2 did not perform unilateral tests at all and no bilateral measurements at test interval III. No unilateral measurements were performed for subjects S3, S6 and S8 at test interval I. Although subject 7 was tested with bilateral implants at interval II, his data had to be rejected due to inconsistent recordings. The x-axis depicts the stimulus direction; the y-axis refers to the response direction. The circles correspond to the relative number of responses. I = Interval I; II = interval II; III = interval III; L = left; F = front; R = right.
With bilateral CI use, all children demonstrated the ability to localize sound sources in the frontal horizontal plane, as indicated by the fact that for the 3-loudspeaker setup, both the lateralization error d and the score sc are significantly different from chance levels (80° for d, 33.3% for sc) throughout all test intervals ( table 5 ) . When tested with the first CI only, a significant difference could be found for sc only at interval II. The lack of significance for d indicates that improvement of lateralization with 1 CI is only slight and inconsistent ( table 5 ) . 
Discussion
Results from this study demonstrate a clear advantage with bilateral CIs in this group of children. With bilateral CI use, all children demonstrated the ability to localize sound sources in the frontal horizontal plane, and lateralization error was significantly lower in children with bilateral CIs than with the first CI. The results further demonstrate substantial learning between all test intervals.
Although the children had used their unilateral CI for on average 1 year at test interval I, they had not developed the ability to localize sounds, i.e. the lateralization error d at interval I with the first CI only is not significantly different from chance error. Once they had received a second CI, their unilateral lateralization abilities did not improve much within the first year of bilateral device use, as indicated by d remaining not significantly different from chance error with unilateral CI use at interval II.
Our results also indicate that children require significant learning before they can make use of their bilateral implants for sound lateralization, illustrated by a significant drop in d from interval I to interval II to interval III ( fig. 3 ). This is in line with the findings of Buss et al. [37] and Eapen et al. [38] showing that squelch takes years to develop. In the present study, after 1 year of bilateral CI use, most of the children still showed relatively large lateralization errors so that we might state in broad terms that it may take these children up to 3 years to acquire lateralization abilities. In the current study, no correlation was found between d and age at first or second implant or the interval between implants. This fact might indicate that this broad statement about lateralization acquisition time is relatively robust and can be applied to children implanted between 2 and 6 years of age at first implantation and with a time gap between implants of half a year up to almost 4 years.
Litovsky et al. [34] and others have demonstrated improved localization skills in adults with bilateral hearing provided by CIs, most of whom were postlingually deafened. The 17 adult subjects in that study were implanted simultaneously, which can be seen to be an advantage, as users have immediate access to binaural cues and can start to relearn these binaural skills almost immediately. Interestingly, in that study, the best predictor for improvement in lateralization was duration of bilateral hearing aid use prior to cochlear implantation. This suggests that prior experience with bilateral hearing aids helps users to retain their binaural skills to some extent. A study of 20 sequentially implanted adult CI users showed that all but 2 had substantial improvements in localization ability, improving by more than 30° on average [9] . The 2 CI users showing no benefit experienced their hearing loss in early childhood. This may indicate either that a longer duration of hearing loss leads to loss of the ability to access binaural cues, even when hearing is stimulated later on in life, or that these 2 subjects never completely developed binaural hearing. Similarly, in the study of Van Deun et al. [21] , the children who scored best on localization used hearing aids for 18 or more months before implantation or were first implanted before the age of 2. Steffens et al. [18] suggest that initial binaural auditory experience is related to the high bilateral localization abilities of postmeningitic children reported in their study. This accords with findings showing that users implanted simultaneously have good access to localization cues [27, 34] .
It is interesting to note that the average value of d of our children in the 9-loudspeaker setup (15.2°; table 4 ) is not significantly different (p = 0.44, t test) from the average d (16.6°) found in the above-mentioned group of adult bilateral CI users, when the 2 adults with hearing losses in early childhood are excluded [9] . This could indicate that bilateral cochlear implantation ultimately allows children with early hearing loss to acquire binaural hearing to a degree that enables them to localize sounds with the same accuracy as postlingually deafened bilaterally implanted adults who acquired binaural hearing initially through acoustic hearing.
In any case, most postlingually deafened adults have previous experience with binaural cues prior to their hearing loss and appear to quickly relearn these skills after bilateral implantation (cases of very early hearing loss may be an exception). What are the implications, then, for adults deafened early, who might never have acquired these skills, or for children who have had no previous audition and thus no binaural experience to begin with?
In the 2007 study of Beijen et al. [39] , 5 children, all with perilingual hearing loss following meningitis, received CIs either simultaneously (4) or sequentially (1, with a 6-month time interval in between). The children in this study could serve as their own controls, as they did not have a more experienced listening ear. These children showed significant benefits of bilateral versus unilateral cochlear implantation on -90° and 90° as well as -30° and 30° setups. They also performed significantly better than a control group of unilaterally implanted children. These children also showed significant benefit as demonstrated on the spatial domain subscale of the SSQ (Speech, Spatial and Qualities of Hearing Scale) quality of life questionnaire. However, it is significant that this group all had some auditory experience before losing their hearing (between 14 and 22 months), which may have impacted on outcomes.
In an early study of localization skills in prelingually hearing-impaired children [34] , 3 children performed slightly but not significantly better in the binaural than in the monaural condition. Their scores for identifying source location in the binaural condition were slightly but not significantly above chance. However, the measurements took place 3 months after binaural switch-on, which is probably too soon to see evidence of emerging binaural skills. This was the experience in the current study, where skills took at least 1 year to develop. Further studies by that group [20, 22, 40, 41] show that, despite large variability in performance across individuals, within the first 1-2 years, about 70% or more of their samples learned how to identify where a sound comes from. Those studies concur with the evidence from the current study that there is a learning process, in which children learn how to use and process the bilateral information they receive. These results highlight the fact that children are able to take advantage of the input from both CIs without having prior binaural experience [20, 22, 41] . This learning process is also clearly evidenced in the current study, in the development of localization abilities over time and in all cases. This learning process is also highlighted in observations that younger children with shorter times between implantations developed better directional hearing abilities, while those children who had longer times between implantations also developed directional hearing skills after about 1 year of bilateral device experience [16] .
Localization skills in the bilateral condition were significantly better in a sample of mostly simultaneously implanted children studied by Beijen et al. [39] . Would a short interval between implantations provide an added advantage for these children? In the current study, there was no correlation between localization skills and the gap between the two cochlear implantations. In this case, the minimum gap was 0.46 years and the maximum was 3.7 years. A review of 2 bilaterally implanted children and the time taken to normalize P1 latency values showed that the child with a very short time between implantations (1 year) had a P1 value that normalized to that of normal-hearing children [42] . However, in a case where the difference between CIs was 8.2 years, the P1 latency did not normalize in the case of the second CI. This hints at cortical mechanisms underlying the sensitive period and suggests that earlier bilateral implantation is better for the development of binaural processing abilities. This may well be the case, though it is not demonstrated in the current study, possibly due to the fact that the largest gap was 3.7 years, which is substantially shorter than the 8.2 years reported in the study by Sharma et al. [42] . The interesting question would be to determine when this critical period for the development of binaural skills ends and when is the best time to implant bilaterally to best make use of this cortical plasticity. The youngest child in the current study received their first implant at 23.9 months. There was no correlation between age at implantation and lateralization skills. The lack of correlation between these factors, and also between lateralization skills and the gap between implantations, concurs with data from a previous study on speech listening in noise in children with bilateral CIs [16] . In that study, a linear regression analysis of data from 39 children showed no significant influence of the gap between implantations or age at first CI on speech perception in noise tests. This concurrence of two different bilateral skills suggests that localization abilities and segregation of speech in noise may be interlinked in some manner.
What is the broader importance of receiving bilateral implants and, with them, access to binaural skills such as localization? Currently, most children receive their CIs sequentially; thus, they are bilaterally hearing impaired until they receive their first CI, at which point they could be considered unilaterally hearing impaired. The same could be said for children who receive only one CI. An extensive overview of the difficulties that unilaterally hearing-impaired children experience can be found in the report of Cho Lieu [43] . Tharpe [44] (2008) provides a more recent review, and Borton et al. [45] (2010) report on measures of pediatric quality of life for children in this condition. Profoundly unilaterally hearing-impaired children exhibit educational and behavioral problems and have been recognized to have significantly more communication problems, including delay in sentence development, difficulties in speech development influencing oral abilities and reading and language delays. The impact of unilateral hearing loss on education is clearly confirmed. In one study, 59% of children with unilateral hearing impairment had a history of academic or behavioral problems at school [46] . In a cohort of 115 children with profound unilateral hearing loss, 22% had failed a grade and 12% required additional assistance for learning difficulties [47] . In a seminal study on unilateral profound hearing loss [48] , 35% of 60 children had failed a grade, 13% needed additional educational assistance and 20% had behavioral problems identified by teachers. One possible reason for this may be the difficulty these children have in hearing speech in noise. Tharpe's [44] 2008 review found that up to 35% (average 25.5%) of children with unilateral hearing loss failed one or more grades, and an even higher number of pupils (up to 60%, on average 31.5%) needed resource help for at least 1 year [44] . Moreover, children in this group were found to have significantly poorer abilities than their normal-hearing peers in both lateralization and speech perception (especially at negative signal-to-noise ratios) [44] . Studies have shown that bilateral CIs do assist in improving listening in noise and may nullify this problem, to some degree [16, 40, 41] . However, listening in noise also depends on localization skills. Localization abilities allow a child to detect the speaker in the background noise and focus on him or her, and this may further help a child within the educational setting. Thus, making the jump, improvements in localization abilities may improve focus on speakers and may generally improve classroom attention skills, thus moderating or eliminating some factors contributing to educational and behavioral problems experienced by unilaterally hearing-impaired children.
Conclusion
Results from this study and the literature show that children who have had little or no previous experience with binaural cues are able to access these cues after bilateral cochlear implantation, and that the development of these listening skills takes place over time. To what extent the ability to use binaural cues depends on whether subjects are simultaneously or sequentially implanted, age at implantation, time delay between implantations and therapy provided during the process will have to be investigated in detail in future research.
